The binding of gold atoms to a small silica cluster has been studied by using density functional theory with generalized gradient approximation for exchange and correlation. It is shown that gold atoms bind to silicon atoms with dangling bonds and serve as seeds for the growth of Au islands. The large electron affinity of gold causes a significant change in the electronic structure of silica resulting in a substantial reduction in the highest occupied and the lowest unoccupied molecular orbital and the optical gap, thus allowing it to absorb near infrared radiation. This suggests that a small cluster can have a similar functionality in the treatment of cancer as the large size nanoshell, but for a different mechanism. DOI: 10.1103/PhysRevLett.93.186803 PACS numbers: 73.22.-f, 71.15.Nc, 31.15.Ar, 87.54.Br Silica, one of the most abundant materials on Earth, has a wide range of applications in microelectronics, optical communications, and thin-film technology [1] [2] [3] [4] . Gold, on the other hand, is the noblest of all metals, but at nanosize range gold clusters exhibit unusual catalytic behavior [5] . Recently an exciting new application of gold-coated silica nanoshells has been found in treating tumors and cancer [6 -8]. The nanoshell consists of a silica (SiO 2 ) core of order 100 nm coated with about 20 nm of gold. It absorbs near infrared light (NIR) and converts that light to heat, causing irreversible thermal cellular destruction. When the nanoshells were incorporated into human breast cancer cells in a test tube, and then exposed to NIR, 100% of the cancer cells were killed. Similarly, the nanoshells injected directly into the tumors of living mice and subjected to NIR have been found to destroy tumors within days. The advantages of gold-coated silica nanoshells in the treatment of cancer are (i) the process is noninvasive and (ii) both gold and silica are harmless to the human body. Besides the promising applications in cancer, nanoshells can also be incorporated into temperature-sensitive hydrogels to synthesize a new type of composite material that collapses on laser irradiation.
The binding of gold atoms to a small silica cluster has been studied by using density functional theory with generalized gradient approximation for exchange and correlation. It is shown that gold atoms bind to silicon atoms with dangling bonds and serve as seeds for the growth of Au islands. The large electron affinity of gold causes a significant change in the electronic structure of silica resulting in a substantial reduction in the highest occupied and the lowest unoccupied molecular orbital and the optical gap, thus allowing it to absorb near infrared radiation. This suggests that a small cluster can have a similar functionality in the treatment of cancer as the large size nanoshell, but for a different mechanism. DOI Silica, one of the most abundant materials on Earth, has a wide range of applications in microelectronics, optical communications, and thin-film technology [1] [2] [3] [4] . Gold, on the other hand, is the noblest of all metals, but at nanosize range gold clusters exhibit unusual catalytic behavior [5] . Recently an exciting new application of gold-coated silica nanoshells has been found in treating tumors and cancer [6 -8] . The nanoshell consists of a silica (SiO 2 ) core of order 100 nm coated with about 20 nm of gold. It absorbs near infrared light (NIR) and converts that light to heat, causing irreversible thermal cellular destruction. When the nanoshells were incorporated into human breast cancer cells in a test tube, and then exposed to NIR, 100% of the cancer cells were killed. Similarly, the nanoshells injected directly into the tumors of living mice and subjected to NIR have been found to destroy tumors within days. The advantages of gold-coated silica nanoshells in the treatment of cancer are (i) the process is noninvasive and (ii) both gold and silica are harmless to the human body. Besides the promising applications in cancer, nanoshells can also be incorporated into temperature-sensitive hydrogels to synthesize a new type of composite material that collapses on laser irradiation.
Recently attempts have been made to understand the optical properties of gold-coated silica nanoshells using a simple model and electromagnetic theory. It has been shown that the optical response is due to the hybridization of the surface plasmons of the inner and outer shells [9] . Motivated by these results we have investigated the coating of a small silica cluster (of the order of a few nanometers) with Au to understand (i) if such a small cluster can absorb infrared radiation and (ii) if so, does the mechanism for such absorption have an electronic origin? While a lot of work has been carried out on silica clusters, no work is available to our knowledge on the interaction of gold with a silica cluster. For example, it is not known how Au atoms attach to a SiO 2 cluster? What role do the defects in nanosilica play on the binding of Au? What effect does Au have on the electronic structure of SiO 2 ?
In this Letter we have addressed these issues for the first time by concentrating on a SiO 2 3 cluster, which has been synthesized in experiment [10] . This cluster is the smallest nanosilica that contains Si atoms with both fourfold coordination and dangling bonds; therefore, it can be used to shed light on the role of defects on the binding of Au by a nanosilica system. We want to see if a small goldcoated silica cluster can exhibit similar optical properties as observed in 100 nm size nanoshells. We have examined the binding site of Au, the growth of Au islands on a silica nanocluster as Au concentration is increased, and the effect of gold coating on the electronic structure of silica.
We have used the self-consistent linear combination of atomic orbital molecular orbital approach. The total energies are calculated using density functional theory (DFT) and generalized gradient approximation for exchangecorrelation potential [Perdew-Wang 1991 (PW91)]. The atomic orbitals are represented by a Gaussian basis. We have used the 6-311 G (3df, 3pd) basis set for oxygen and silicon, and the Stuttgart relativistic effective core potential basis set for gold [11] . The structures were optimized without a symmetry constraint using the GAUSSIAN 98 code [12] . The convergence for energy and force are 0.0000 1 eV and 0:001 eV= A, respectively. To check the accuracy of exchange-correlation potential and the basis set, we calculated the bond length for dimers of It is well established that the geometries of SiO 2 n clusters in the small size range (n < 12) are chainlike [10, [15] [16] [17] . Thus these structures consist of some Si atoms that do not have the full fourfold coordination. It is expected that in a silica nanoshell dangling bonds will exist as they do in SiO 2 clusters and that the sites with dangling bonds may play a role in the binding of Au VOLUME 93, NUMBER 18 atoms. Figure 1 shows the structure of SiO 2 3 . Recently, rodlike nanosilica on the order of 100 nm have been synthesized in experiments [18, 19] . To determine the equilibrium structure of the AuSiO 2 3 cluster, we have used six different initial configurations for optimizing the geometry. These are shown in Fig. 2(a) where the Au atom was allowed to bond to different Si and O atoms in the SiO 2 3 cluster. After full optimization, these six structures converged to the same one as shown in Fig. 2(b) . Here the Au atom binds to one of the Si atoms at the end site. This is because in Si 3 O 6 , the middle Si atom is fully coordinated, while the two end Si atoms are threefold coordinated. The resulting dangling bonds provide the preferable sites for the adsorption of the Au atom. The adsorption energy is found to be 1.14 eV, suggesting that the binding is strong. This is consistent with the recent finding that the Au atom and the Au magic cluster can strongly interact with the Si cluster [20, 21] .
The adsorption of Au causes redistribution of charges throughout the cluster. In Si 3 O 6 , the two O atoms at the end sites get about one electron, while each of the double bridged O atoms gets 1.33 electrons. Si atoms at the end lose 2.37 electrons, while the middle one loses 2.73 electrons. It is interesting to note that Au is the most electronegative metal, comparable to selenium, and only slightly more electropositive than sulfur and iodine. Therefore, it can form ionic compounds such as Au ÿ Cs [22] . A similar thing also happens when Au is adsorbed on Si 3 O 6 , where the Au atom gets 0.81 electron [see Fig. 2(b) ], while its neighboring end O atom gets only 0.75 electron. Consequently, the corresponding Si-O bond length is increased.
When the second Au atom was added, it was found to bind to the Si site at the other end with the remaining one dangling bond, making all the silicon atoms fully coordinated. Figure 3 gives the equilibrium geometry of the Au 2 SiO 2 3 cluster along with the various bond distances and charge distribution. Each of the two Au atoms once again gets about 0.82 electron. The cluster gains an additional 1.24 eVenergy as the second Au atom is attached to AuSiO 2 3 .
Study of the structure of Au 3 SiO 2 3 is more revealing as the location of the third Au can illustrate if Au has a tendency to cluster. Three different initial configurations were tried by attaching the third Au atom to the end Si sites, the middle Si site, and to one of the Au atoms. These are shown in Figs. 4(a) -4(c) . The geometry optimization resulted in two isomers as shown in Figs. 5(a) and 5(b). When the third Au atom was placed near the Si sites, the Au atom could not be adsorbed on these sites because of the full coordination of Si. Au atom automatically moved to the O site at the end of the chain [ Fig. 5(a) ]. The Au-O bond length is 2:03 A, and the third Au atom gets very little charge. However, we found that this configuration is 0.22 eV higher in energy than another structure shown in Fig. 5(b) , where the third Au atom binds to another Au atom forming a cluster. In this configuration, the Au dimer has a bond length of 2:55 A, and each Au atom gets about 0.4 electron. Si atoms on the average lose about three electrons. The binding energy of Au 3 SiO 2 3 , defined as the energy gained by dissociating the cluster into SiO 2 3 and three Au atoms, is 4.57 eV. This amounts to 1:52 eV=Au atom, which is larger than the binding energy of Au in AuSiO 2 3 and Au 2 SiO 2 3 . This clearly establishes the fact that Au atoms would tend to cluster on the SiO 2 cluster. We further emphasize the fact that dangling bonds or defects on SiO 2 play an important role in the binding of Au atoms. 
FIG. 3 (color online). Geometry and charge distributions in
The electronic structure of the Au coated silica nanocluster can be analyzed by studying the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The HOMO and LUMO orbitals are plotted in Fig. 6 . We see that the main contributions to these two frontier orbitals come from the Au cluster and its neighboring atoms, which suggests that in the next growth stage the incoming Au atoms will preferably bind with an existing Au cluster and/or with its neighboring atoms. In this way an Au island will be formed. This is what indeed happens in experiments, where Au atoms form islands or dots on the silica particle surface [23] [24] [25] [26] [27] .
An analysis of the energy eigenvalues can also reveal the effect of Au coating on the electronic structure of the silica nanocluster. In Fig. 7 we show 20 energy eigenvalues around the Fermi level for SiO 2 3 and Au 3 -SiO 2 3 clusters, respectively. Without Au coating, the energy level distribution for SiO 2 3 is marked by a larger energy gap. As three Au atoms are coated, the gap is not only reduced considerably, but the interaction with gold atoms also changes the energy level distribution.
The most fascinating application of the nanobullet is in killing cancer and tumor cells by using optical absorption.
Therefore, we have studied the effect of gold coating on the optical properties of the nanosilica cluster. To this end, we performed time-dependent density functional (TD-DFT) calculations [28] with the same basis set used in the preceding calculations. In TD-DFT, the time-dependent analog of the exchange-correlation functional, E xc , is a functional of the time-dependent electron density r; t. We used the PW91 form as that used in structure optimization. Table I lists our results. For SiO 2 3 , the optical gap is found to be 4.16 eV. When one Au atom is attached to this cluster, the optical gap reduces to 1.66 eV. No further change occurs in the gap when the second Au atom is attached as it binds to the remaining threefold coordinated Si atom. However, when the third Au atom is attached, the optical gap is again reduced to 0.52 eV, which corresponds to the wavelength of 645 nm. The optical absorption in Au 3 -SiO 2 3 is thus close to the NIR region. It has been found experimentally that the absorption wavelength for gold-coated silica nanowires is in the region of 550 -600 nm [18] . When a 22 nm thick gold shell was coated on a 96 nm diameter silica core, the absorption wavelength was found to be 700 nm [7] . Although our calculated optical response of the Au-SiO 2 3 cluster is similar to that of the large nanoparticle, the mechanisms are entirely different. In small clusters, the optical response is due to the Au induced levels at the gap, while in 100 nm size particles the optical response is due to the plasmon interaction [9] . The advantage of having a small cluster with similar functionality as the large particle is that it can easily penetrate the crowded environments such as the biological milieu of cells and live tissues for effective drug delivery. We should point out that the SiO 2 3 cluster studied here represents a 1D SiO 2 based nanorod, whereas the real nanosilica are three dimensional. To see what role the dimensionality can play on the HOMO-LUMO gap we calculated the equilibrium geometry and electronic structure of the Au coated SiO 2 12 cluster which has a three dimensional structure [17] . We have confirmed [29] that it is the formation of Au islands and not the dimensionality of the system that plays a dominant role in the optical properties. We should also point out that the density functional theory usually underestimates the energy gap. Since our calculated optical gap in Au 3 SiO 2 3 is 0.52 eV (645 nm), an increase in this gap will bring it closer to the NIR region seen experimentally.
In summary, we studied the interaction and growth of Au atoms on a silica nanocluster by using density functional theory. We found that the adsorption of the Au atom on the Si site is difficult if it is fully coordinated. However, the existence of defects and dangling bonds on Si atoms leads to potential adsorption sites. The adsorbed Au atoms in turn act as seeds in the further growth of gold islands. Since Au atoms are electron acceptors, the coating of Au on silica not only changes the local atomic environment but also changes its charge distribution and electronic structure. Especially the optical gap is greatly reduced upon Au coating. This reduction in the optical gap makes it possible to absorb near infrared light. Since recently there has been great progress [10, 20, 31] in the synthesis of multicomponent clusters using dual targets and dual-laser vaporization source in helium atmosphere, it is hoped that our work will stimulate the synthesis of Au coated silica clusters. 
